ON THE RATE OF OXYGEN CONSUMPTION BY FERTILIZED AND UNFERTILIZED EGGS : I. FUCUS VESICULOSUS by Whitaker, D. M.
ON  THE  RATE  OF  OXYGEN  CONSUMPTION  BY  FER- 
TILIZED  AND  UNFERTILIZED  EGGS 
I.  Fucus  VESICULOSUS 
BY D.  M. WHITAKER* 
(From the Laboratory of General Physiology, Harvard University, Cambridge) 
(Accepted  for publication, September 9, 1931) 
The rate of oxygen consumption, and the change in rate following 
fertilization, has been measured in a  number of animal  eggs.  This 
change in rate has become a matter of some interest in connection with 
the nature of fertilization,  especially  since Warburg's  (1)  discovery 
in  1908  that  there is  a  six-or sevenfold increase following fertiliza- 
tion in  the sea urchin egg.  Loeb and Wasteneys (8)  extended  the 
work to include other eggs, as have a  number of workers since then. 
Loeb based his hypothesis of fertilization  largely on a generalization 
of the respiratory phenomenon of the sea urchin  egg, in conjunction 
with other work of his own on fertilization and artificial parthenogene- 
sis,  and especially on the r61e of cytolysis.  A general discussion  of 
the work in this field, and the relation to it of the present work, is 
included in another paper (2).t 
The eggs of the alga Fucus resemble animal eggs in  a  number of 
respects, although they also have typical properties of the plant cell. 
In size and shape they resemble the eggs of the  sea urchin Arbacia, 
although  being  both  smaller on  the  average  (diameter  average  = 
65  microns),  and  more variable in  size.  They contain chlorophyll, 
in plastids,  and secrete a  jelly following fertilization which soon be- 
comes  a  cellulose  wall.  Like  the  egg  of  Arbacia,  the  Fucus  egg 
contains a single haploid nucleus, which in  Fucus usually lies in  the 
center of the cell.  Fertilization is normally  accomplished with  the 
entrance of one sperm or antherozoid.  The group of plants to which 
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Fucus  belongs  is  unusual  in  that  the  haploid  generation  of  the  life 
cycle  is  confined  to  the  period  between  maturation  of  the  gametes 
and fertilization,  resembling in this respect the  common condition  in 
animals.  Like most animal eggs the fertilized Fucus egg develops an 
amphiaster.  Some  species  of Fucus  are  hermaphroditic,  but  Fucus 
vesiculosus  is dioecious.  The  gametes  are  obtainable  in  abundance, 
especially during the winter and spring, and are comparatively hardy 
and  viable under  conditions  of laboratory  culture.  Compared with 
certain  other  eggs  however,  the  Fucus  eggs  are  not  especially  well 
suited to manometric measurements of respiration.  They  are rather 
easily damaged  by  shaking,  and  the  rate  of  respiration  increases  if 
they are damaged. 
So  far  as I  know  the  respiratory  change  associated with  fertiliza- 
tion of a  plant  egg has not  before been measured.  Overton  (3)  has 
brought  about  artificial  parthenogenesis  in  the  eggs of F. vesiculosus 
with  butyric  acid.  A  more  complete description  of  the  Fucus  egg, 
with  reference to  other  experimental work on  this  form, is included 
in another paper (4). 
Method of Handling and Fertilizing the Eggs 
The plants were collected on the shore of Nahant peninsula near Boston, where 
they are abundant in the tide pools, growing attached to fixed igneous rock or to 
large boulders too heavy to shift with the tide.  The plants were taken directly 
to the laboratory and kept thereafter at about 3°C.  Usually on the day following 
the collecting,  the gametes were extruded by the fruiting tips or receptacles which 
had been cut off and kept in moist chambers.  It is important to keep the plants 
and the gametes cool. 
Preliminary measurements of the rate of oxygen consumption showed that it 
would be advisable to use manometers designed  to have a  comparatively high 
ratio of fluid volume to gas volume, in order to facilitate measurement of small 
absolute rates of oxygen consumption  Warburg manometers were used.  The 
vessels which  were designed  for the purpose are described  in another paper (2).* 
It was also found that, as might be expected, the eggs are photosynthetic.  For 
the measurements in which this factor was to be ruled out, the work was done in a 
dark room.  Measurements with known intensity of illumination were also made 
in the dark room. 
It soon became evident that high  percentages of fertilization were difficult  to 
obtain.  At the top side of each manometer vessel a small bulb in which dry sperm 
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or sperm suspensions could be placed communicated with the vessel in  such fash- 
ion that the sperm could be mixed with the eggs by tipping the  manometer.  If 
the sperm had been in the bulb for some  time, inseminations made in this way 
rarely resulted in more than 10 or 15 per cent fertilization.  The sperm rapidly 
became ineffective when remaining in the bulb in a COs-free atmosphere.  Much 
higher percentages were obtained by opening the vessel, after measurements had 
been made of the rate with unfertilized eggs, and adding fresh sperm directly  to the 
sea water containing the eggs.  Opening the vessel at this stage necessitated a 
new start for measuring, and in consequence by this method no measurement was 
made  covering  the  first  10  minutes  following insemination.  This  period  was 
measured by other methods: by using sperm in the side bulb and accepting low 
percentage fertilization, and by placing the sperm in the side bulb only 10 minutes 
before insemination but after a  prolonged  measurement  of  the  prefertilization 
rate.  Sperm which had been in the bulb only 10 minutes before insemination (by 
tipping) fertilized a larger percentage of the eggs than sperm which had been in 
the bulb throughout the hour or more during which the prefertilization rate of the 
eggs was measured. 
Eggs were found to be subject to fertilization and to normal development when 
more than a week old provided they had been kept at about 3°C.  At high tem- 
peratures cytolysis sets in and parasitic organisms develop extensively.  Sperma- 
tozoa or antherozoids were found to remain effective for 2 or 3 days or longer if 
kept dry, that is, ff kept in the concentrated condition in which they are exuded, 
without  addition of sea water.  As soon  as the  concentrated antherozoids are 
placed in sea water the thin walled capsules in which 64 antherozoids are packed, 
dissolve.  The  liberated antherozoids, which  have  so far been  quiescent,  soon 
begin to swim actively, and their ability to fertilize eggs drops off markedly after 
an hour or two of active swimming, although it does not cease altogether for a 
longer time.  In these experiments most of the eggs used were between 6 and 12 
hours emerged from the capsules; none were older than 3 days.  The sperm were 
always fresh and active.  In all cases control inseminations were used to test the 
gametes. 
Most of the experiments were carried on in a thermostat at 18°C.  At this tem- 
perature the time-lapse between fertilization and 50 per cent cleavage is about 15 
hours.  That is, about 50 per cent of the fertilized eggs have completed the first 
cleavage after approximately 15  hours.  The  time-span  of first cleavages in  a 
population is large in terms of hours, but not so large, compared with common 
marine animal eggs, when counted as a percentage of the time-lapse from fertiliza- 
tion.  The first cleavages took place in a population approximately  during the time 
interval 13 to 18 hours after fertilization.  A  few sickly individuals took longer 
than  18  hours. 
Method of Measurement 
In the typical experiment four manometers were used.  One served as a baro- 
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eggs.  Later one of these was inseminated, after the prefertilization rate had been 
measured, and the other was used as an unfertilized control to test for continued 
constancy, or near constancy.  The  fourth vessel contained only sea water  to 
which sperm were added, and in like amount, when one of the egg-containing  ves- 
sels was inseminated.  This served as a control for the respiration of  the sperm 
which was always found to be negligible  in the concentrations  used in insemination. 
In measurements of the respiration rate of high concentrations of sperm alone, 
the  barometric was  the  only  control.  After  an  experiment  the  approximate 
volume of the eggs, and of the sperm in certain cases, was measured by centrifug- 
ing the contents of the vessels in calibrated vaccine tubes until the gametes failed 
to compress further.  Values could be read to 1 c.mm.  Since there is no doubt 
some free space among the packed eggs,  the observed volumes are probably a 
little too great.  This error is probably not large, and is at least fairly constant 
for  different  experiments.  The  vessels  contained  2000,  3000,  or  4000  ram. 3 
sea water, in which were from 5 to 45 mm.  a eggs.  Most experiments involved 
between 8 ram. 3 and 15 ram. a eggs.  Higher concentrations of eggs were found to 
suppress the rate of oxygen consumption, unless the rate of shaking was increased 
to an extent which damaged the eggs.  The vessels were operated in an automatic 
water bath thermostat at 18°C.  ~-0.02.  Each vessel contained 0.5 cc. 5 per cent 
KOH in a bulb or well to absorb CO2.  Following Warburg (5), 
Va --f- +  V  v 
X  = h  1"o  " 
Where  X  =ram.  a 02  consumed, h  =change in  pressure  (observed)  in  mm. of 
manometer  fluid  (Brodies'  fluid)  at  constant volume,  Va  =  volume in ram. 3 
of the gas space from the surface of  the sea water to the meniscus, Vv  =  fluid 
volume in mm.  a, a  =  solubility coefficient of oxygen in sea water (Bunsen's coeffi- 
cient), Po  =  standard  pressure  in  mm. manometer fluid (10,000  ram. Brodie 
fluid  =  760 ram. Hg). 
The Rate of Oxygen Consumption of Unfertilized Eggs in the Dark 
The Fucus  eggs,  like sea urchin eggs,  are almost naked before fer- 
tilization.  The  enclosing membrane  is  exceedingly  delicate.  This 
is perhaps one reason why they, like sea urchin eggs, are sensitive to 
shaking.  The  observed  rate  of  respiration  increases  steadily  and 
greatly if shaking is rapid.  This is presumably due to damage to the 
eggs.  If the shaking is so rapid as to cause a  rising respiratory rate, 
cytolysis and disintegration are presently brought about, although if 
the  eggs are  removed before being damaged to  this extent they will 
often develop normally after insemination.  Too slow a  rate of shak- D.  ~.  WHITAKER  171 
ing on the other hand  suppresses  the observed respiration  by failing 
to maintain gas equilibrium between the sea water and the air space 
above  it.  An  optimum  rate  was  found  which  gave  repeatedly  in 
different  experiments  approximately constant  readings  on  any given 
set of unfertilized  eggs for several hours,  with neither  a  gradual  rise 
nor a  decline.  It is possible that this amounted to finding a  position 
of  compensating  errors  rather than  true  elimination  of errors,  but it 
probably gives a  value close to the true  one.  The eggs were in  good 
condition,  and  developed  normally  when  inseminated  after  several 
hours  of  shaking  at  this  rate.  The  optimum  rate  with  the  vessels 
Unfertilized Eggs. 
TABLE  I 
The Rate of Oxygen Consumption in Mra. s 02 Per Hour Per 10 
Mm.8 Eggs 
Experiment  Rate 
4.4 
8.1 
3.8 
7.4 
6.1 
5.0 
5.0 
4.8 
E~ peri- 
n ent 
9 
10 
11 
12 
13 
14 
15 
16 
Rate 
4.7 
3.8 
4.6 
7.3 
8.3 
5.1 
4.6 
4.4 
Experi 
ment 
17 
18 
19 
20 
21 
22 
23 
24 
Rate 
6.4 
4.4 
6.2 
5.9 
3.8 
4.7 
4.9 
4.1 
Exper 
ment 
25 
25 
27 
28 
29 
30 
31 
32 
:  Rate 
4.6 
6.0 
5.9 
5.7 
5.4 
5.9 
5.8 
6.4 
Exper: 
ment 
33 
34 
35 
36 
37 
38 
39 
40 
Rate 
6.8 
6.7 
5.1 
6.8 
3.6 
4.0 
4.8 
5.1 
Average rate  .........................................................  5.4 
used was found to be 36 or 38 "round trip" shakes  per  minute,  with 
an amplitude of 7 cm.  Many measurements were made because the 
results  are  a  good  deal  more  variable  than  those  of  similar meas- 
urements  on  certain other eggs  such  as  those  of Chaetopterus.  The 
first twenty-seven  have  been  completely discarded  as  they involved 
faults  of  technique  that  were  later  eliminated  or  reduced.  The 
results of the next forty measurements have been calculated in terms 
of the  absolute  rate:  ram? 02  per hour  per ten ram.  ~ eggs.  Each of 
these consists of the average of a number of consecutive measurements 
of  a  duration  of  from  10  minutes  to  half  an  hour,  or  in  some 
cases an hour, depending on the circumstances, especially upon the con- 172  RATE  OF  OXYGEN  CONSU'M]?TION  BY  EGGS.  I 
centration  of  eggs  in  the  vessel.  The  total  time  covered  by  each 
average is in no case less than 40 minutes and in some cases is  several 
hours.  The  object  in  splitting  each  measurement  into  component 
consecutive periods is to  ascertain whether there is a  consistent trend 
up or down.  It is convenient to treat the results on the respiratory 
rate of unfertilized eggs in two groups,  one of which is shown in Table 
I.  It  consists  of  the  unselected  results  of  forty measurements,  in- 
volving  a  good  deal  of  variation.  These  results  are  unselected  in 
Unfertilized  Eggs. 
TABLE  II 
Selected  Group.  Rate  of  Oxygen  Consumption  in  Mm. 30~ 
Per Hour Per 10 Mm. 3  Eggs 
Experiment  Rate 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
6.2 
5.0 
5.0 
4.8 
5.1 
4.6 
5.9 
4.9 
5.9 
5.4 
5.8 
5.9 
5.1 
4.6 
4.7 
Average  ............................  5.26 ±0.36 P.E. 
the  sense  that  only  those  cases have been  excluded  in  which  some- 
thing was known to be wrong with  the technique. 
These  results  were  obtained  after  the  experience  with  the  first 
twenty-seven measurements which  have  been discarded  as  a  group. 
The  first  twenty-seven  included  in  some  cases  much  greater  varia- 
tions,  due often  to  improper rate  of shaking.  The  average rate  for 
the forty cases is seen to be 5.4 ram.  3 02 per hour per 10 ram? eggs. 
If it is assumed that  each of these measurements is as apt  to  be  as 
correct  as  any  other,  and  that  the  distribution  is  symmetric,  i.e., D.  M.  WHITAKER  173 
that  a  measurement is as apt to be too high as too low, the probable 
error can be calculated and turns out to be 0.75.  This is rather large 
because of the large variations.  If we now take from this group of 
forty cases  a  group  of fifteen,  selected  on  the  basis  of  comparative 
experimental excellence, we have a  set of  results which is represented 
in  Table II.  These  are  selected  as the best  fifteen, as indicated by 
exceptional  constancy  of  consecutive  repeated  measurements,  and 
by  highest  percentages of fertilization  of samples of  the  eggs subse- 
quently inseminated.  The  average of  these fifteen  cases is  5.26  in- 
stead of 5.4,  involving a lesser  variation  which  gives for the  average 
of  the  fifteen  cases  a  probable error of  0.36.  The  closeness of the 
averages of the two groups, with different latitudes of variation, lends 
some weight  to  the  assumption  that  the  distribution  is  nearly  ran- 
dom.  It seems reasonably safe to  accept the better value and to say 
that  the  rate  probably  lies  between  4.9  and  5.6  mm.80,  per  hour 
per  10  ram.  3 eggs. 
The Rate of Uptake of Oxygen in the Light 
The Fucus eggs contain  chlorophyll in plastids.  The plastids may be centri- 
fuged to one side and isolated stragglers may then clearly be seen.  In order to 
see to what extent complete darkness was necessary for the measurements of the 
oxygen consumption a  few preliminary measurements were made with alternate 
periods of light and dark.  It became evident at once that a  fairly strong light 
caused an overall negative consumption of oxygen.  More refined measurements 
were then made with known intensity of illllm{nation.  An ordinary 75 watt in- 
candescent lamp was submerged in the water bath thermostat, and in other cases a 
stronger lamp produced light outside the tank which was directed in through a 
glass window.  The luminosity used was measured with a Macbeth llluminometer, 
and was approximately 100,000 foot candies.  Using eggs in vessels  from which 
the KOH was omitted in order that  CO2 might be retained for photosynthesis, 
oxygen was given off at a greater rate than it was consumed in the dark, i.e., the 
rate of production by photosynthesis was more than twice the rate of metabolic 
consumption. 
Three types of experiments were made to see if the rate of oxygen 
consumption  of a  set of eggs in the dark might differ with the sugar 
content  or  storage,  within  the  limits  of  variation  which  might  be 
brought  about  by the  previous history of the  eggs.  Eggs were illu- 
minated for 12 hours with a light intensity which was known to cause 
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rate of its consumption in the dark.  Control eggs were kept in the 
dark during this period.  After the illuminated eggs had been in the 
dark  for  20  minutes  comparative  measurements  were  then  started, 
and the eggs which had been manufacturing  sugar for 12 hours con- 
sumed oxygen in the dark for 3 hours at the same rate within an ob- 
served 1 per cent as eggs which had been in the dark throughout.  In 
another  experiment  eggs were kept  3  days  and  nights  in  complete 
darkness, with controls by a window to receive normal day light.  No 
difference was found in the  rate  of consumption in  the dark.  In  a 
third  experiment  enough  isosmotic  dextrose  solution  was  added  to 
filtered sea water to make  a  2 per cent dextrose sea water solution. 
(A  sample  of filtered  Nahant  sea water  was  found  by the  freezing 
point method to have an O.P. at 0°C of 20.20  atmospheres.)  In  this 
solution for the first  hour eggs consumed oxygen at the same rate as 
two controls in normal sea water within an observed 2 per cent.  Dur- 
ing the second and third hours the eggs in the sugar solution consumed 
oxygen at a  rate about 6 per cent less than the controls.  It  appears 
that the rate is not altered by changes in sugar concentration,  within 
these limits. 
The Oxygen Consumption of Antherozoids 
The antherozoids or spermatozoa of Fucus are brilliantly  orange in 
color when concentrated,  due to the carotinoids which  they contain. 
The  antherozoids  each  have  two  flagellae  and  swim  very  actively. 
Measurements  were  made  of  their  rate  of  oxygen  consumption  in 
concentrated  suspensions.  Cohn  (6)  has  shown  that  concentrated 
sea urchin  sperm partially anesthetize  themselves with CO2, decreas- 
ing  activity  and  prolonging  life.  In  a  vessel  containing  KOH  to 
absorb the CO2, and with rapid shaking to maintain  gas equilibrium 
in spite of high respiratory rate, this suppression is largely ruled out, 
to the extent that  true  equilibrium  is achieved.  In one experiment 
different  concentrations  were  used  in  simultaneous  measurements, 
the concentrations  being in the ratio  1:2:4.  The rate per unit vol- 
ume of centrifuged antherozoids was found to be the same within  the 
limits of variation of the consecutive measurements of any one vessel. 
After  about  an  hour  and a  half  or  2  hours  of  active  swimming,  or 
sooner in some cases,  the rate of consumption of O3 by the anthero- D.  M.  WHITAKER  175 
zoids began to drop off.  After 2 hours it may have become only one 
quarter of the initial  rate.  The absolute rate of O2-consumption for 
swimming  antherozoids,  as  measured  in  ram. 30~  per  hour  per  10 
ram? antherozoids, is very high compared with  the rate for the eggs. 
The rates measured in two good experiments, with 13.5 ram. ~ anthero- 
zoids in 4000 ram?  sea water,  are given in Table III.  In  these ex- 
periments  the rate has  begun to drop off 75  minutes  after  the  start 
of the measurements.  The average rate in  both  experiments for the 
first five measurements is 25.5 mm.  ~ O5 per hour per 10 ram? anthero- 
zoids.  This is nearly five times the rate of the unfertilized eggs. 
TABLE  III 
Oxygen Consumption of 13.5 Mm. 8 Antherozoids  in 4000 Mm. 8 Sea Water in Mm. 3 
02 Per Hour Per 10 Mm. 3 Antherozoids 
Time, beginning 20 min. after 
antherozoids were first placed  Rate, Vessel 1  Rate, Vessel 2 
in sea water 
mi~t. 
0-15 
15-30 
3O-45 
45--60 
6O-75 
75-90 
90-105 
25.8 
26.2 
25.7 
25.8 
25.3 
21.7 
19.3 
25.2 
25.3 
25.3 
24.8 
25.3 
21.6 
19.2 
Average rate in both vessels for first 75 rain  ...........  25.5 
Eight  experiments  were  designed  to  find  out if  the  antherozoids, 
with a great preponderance of carotinoids in the pigment content,  are 
photosynthetic.  The  results  were  inconclusive,  but  in  one  of  the 
experiments  especially  it  appears  that  the  overall  rate  of  oyygen 
consumption is less with an illumination  of 100,000 foot candles than 
in the dark, to the extent of something like 10 per cent.  This might, 
of course, be due to an effect of light on the rate of swimming.  Cul- 
tures of antherozoids  were observed with bright  and dim lights,  and 
no difference could be seen in the rate of swimming,  but a  change of 
10  per  cent  would  not  have  been  detected.  The  results  suggest 
a  certain  amount of photosynthesis but are hardly conclusive. 176  RATE  OF  OXYGEN  CONSU]~PTION  BY  EGGS.  I 
Fronds 
Three measurements were made of the rate of oxygen consumption 
of  rapidly  growing  young  fronds.  In  Fucus  the  older  fronds,  like 
the fruiting tips and other parts of the plant, develop a hollow spongy 
structure within  the superficial layers of densely packed cells.  This 
spongy structure  may be more or less filled with jelly.  In order to 
make a  rough measurement  in  absolute units  of the rate  of respira- 
tion of tissue of the adult plant,  to compare with the gametes,  since 
the measure involves the cubic volume of tissue, young fronds with a 
minimum  of spongy tissue were selected.  They were  thin  and  fiat, 
and the superficial layers of cells of the two flat surfaces joined almost 
directly  together  inside.  It was not possible to measure  accurately 
the small volume of frond tissue directly, since the shapes did not lend 
themselves  to  centrifuging  in  a  graduated  capillary.  The  measure- 
ments of volume were therefore made indirectly.  Enough volume of 
identical  frond tissue was measured by water displacement in  a  tall 
thin  graduate  to  get  an  accurate  volume,  in  this  case  2  cc.  This 
volume,  2  cc.  of  living  tissue,  was  then  desiccated for 3  days in  a 
sulfuric acid desiccator and  accurately weighed.  This gave a  factor 
for  converting  dry  weight  into  volume of living  tissue.  The frond 
tissue used in the experiments was then  desiccated and weighed and 
the  living  volume  calculated  for  the  three  experiments  to  be  136, 
260, and 103 c.mm.  The frond tissue in one of the vessels, that con- 
taining 260 mm? tissue, was selected for being somewhat more mature, 
and  in  consequence its  volume included  a  certain  larger  amount  of 
spongy  material.  Four  consecutive  20  minute  measurements  were 
made with each of the three vessels.  The consecutive measurements 
were  consistent.  The  average  rate  for  the  three  cases  was:  2.12, 
1.70, and 2.08 mm3 02 per hour per  10 ram3 frond.  The lower rate, 
1.70, is that of the frond containing enough  spongy material to exag- 
gerate  its true  volume,  and  therefore  to lower the rate,  in  terms  of 
the units used.  Since the presence  of some spongy material, or other 
material of unknown degree of metabolic activity, enters into the rate 
to reduce it, the true rate of the more active parts of the frond are not 
separately measured.  To all appearances  the great bulk of the vol- 
umes used consisted of living cells, however, and  the measured  rate D.  M~.  WHITAKER  177 
gives an order of magnitude which shows a rate decidedly below that of 
the unfertilized egg. 
The Change in Rate of Respiration Following Fertilization 
Immediately after fertilization  the  eggs secrete a  gelatinous sub- 
stance  which later  becomes  tough  cellulose.  A  few minutes  after 
fertilization the eggs tend to adhere slightly to the substrate, and this 
adhesive property increases so that by 3 hours after fertilization they 
adhere quite firmly to glass, or if they are kept in continual agitation 
in  the manometer many of them adhere together in  clumps.  Due 
especially to those which adhere to the walls of the manometer vessel 
itself, it is difficult to take out all the eggs to measure their volume. 
It has not been necessary to do so, however.  There are several ad- 
vantages in measuring the rate of fertilized eggs in relative rather than 
absolute  units.  After the rate for a given  vessel  containing  unfer- 
tilized eggs is measured, the same identical eggs, subjected to identical 
experimental technique, may be  measured  following fertilization in 
terms of the prefertilization rate.  This was done in the dark room. 
Since the preferfilization rate is known in absolute units from other 
measurements, the relative fertilized rate is convertable into absolute 
units. 
The period covered by all the measurements on fertilized eggs taken 
together  is  from  immediately following fertilization until  24 hours 
after fertilization.  This covers the  time of first cleavage, which is 
approximately 13-17 +  hours for a  population  at  18°C.,  and it  also 
included some of the cleavages after the first.  It was not possible to 
make single measurements which covered so long a period.  The eggs 
were not able to withstand so extended a period of shaking without 
damage.  Further,  different  types  of  experiments,  especially  with 
respect to the concentration of eggs used, were optimum for short or 
long period measurements.  The most intensive study was made of 
the first hour after fertilization.  The whole period was covered by a 
patchwork of different experiments,  filling in  different parts  of the 
period.  In some cases a vessel containing eggs was used over a cer- 
tain  period for perhaps  2  hours,  and  then  set  aside  at  rest  in  the 
thermostat for 8 or 10 hours before being used again.  More often a 178  RATE  OF OXYGEN  CONSUMPTION  BY  EGGS.  I 
given set of eggs was used only once.  Every part of the period was 
covered by a number of measurements. 
It  is  more  difficult to  determine  accurately the percentage fertili- 
zation  in Fucus  eggs than  in most  animal  eggs.  In the first place, 
while the Fucus egg secretes a  membrane following fertilization  it is 
scarcely visible with simple microscopic examination.  The best cri- 
terion is to count samples after division of the eggs.  This does not 
take place for many hours, and unless nearly all of the eggs divide, it 
is  always possible that  some eggs which were activated have  fallen 
by the  way before cleavage  time.  Shrinking  the  eggs  a  few hours 
after insemination  by the addition of sugar to the sea water reveals 
the membranes of the fertilized eggs much more clearly, and was found 
to be useful in conjunction with subsequent cleavage counts of samples 
to which no sugar was added.  There is further a tendency for selec- 
tion when a sample of eggs is taken from an inseminated vessel, since 
the fertilized eggs tend to attach to the walls of the vessel as well as 
to each other in floating clumps.  The  eggs which failed to  fertilize 
float freely,  and  an  undue proportion  of them may be taken in the 
sample.  This  can partly be guarded  against  by first scraping most 
of the attached eggs from the walls of the vessel, although a  number 
will be destroyed in the process.  All of these difficulties apply only 
to  cases in  which  high  percentage  fertilization  failed to  take place. 
Most of the results  are in this category, but there  are enough  cases 
with 95 per cent fertilization to serve as a standard.  In view of these 
errors which apply when lesser percentages fertilization  resulted, most 
of them  tending  to underrate  the true  percentage,  it is perhaps  not 
surprising that in some experiments with comparatively low observed 
percentage  fertilization,  the rate  is higher  in proportion  than  in  the 
cases with 95 per cent observed fertilization.  It is as if the percent- 
age  fertilization  or  activation  were  somewhat  higher  than  the  ob- 
served  percentage,  and  this  is  very  probably  the  case.  Table  IV 
represents  the  observed  percentages  fertilization  and  the  observed 
average  rate  of oxygen consumption  for the first hour  following in- 
semination,  expressed  as  a  percentage  of the  prefertilization  rate  of 
the same sample of eggs.  The experiments are listed in the order of 
percentage fertilization.  These averages for the first hour are made up 
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being at intervals of from 5 to 15 minutes.  Most of the experiments 
begin  10  or  15  minutes after  insemination,  and  the  first  measured 
hour is then included in the average.  In four cases with lower per- 
centage fertilization, the first reading covers the period 0-10 minutes 
after insemination.  The rate is constant throughout the period 0-60 
minutes  after fertilization within  the  limits  of measurement.  The 
increased rate takes effect so soon after insemination that there is no 
TABLE  IV 
The  Average  Rate  of Oxygen  Consumption  for  the  First  Hour  after  Fertilization 
Expressed as a Percentage  of the Rate before Fertilization 
Experiment  Fertilization observed 
95-1-- 
95-1- 
95-1- 
95 
95 
Rate of 02 consumption  as per cent 
unfertilized rate 
194 
193 
188 
175 
182 
Average ..........................................  186 
6 
7 
8 
9 
10 
It 
12 
13 
80 
70 
60+ 
45 
4O+ 
4O 
36+ 
15 
169 
168 
195 
152 
157 
148 
147 
145 
measurable difference in the amount of oxygen consumed in the period 
1-11 minutes and the period 11-21 minutes after insemination. 
In Table IV it is seen that the average rate of fertilized eggs for the 
first hour of the five cases in which 95  per cent or more of the eggs 
subsequently cleaved in normal fashion, is 186 per cent of the prefer- 
tilization rate.  The eight  cases  with lesser percentage fertilization 
substantiate  this  result.  It  appears  then that  the rate of fertilized 
eggs is of the order of 190 per cent of the rate of unfertilized eggs. 
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and 24 hours after fertilization.  The rate is constant throughout this 
period  up  until  about  the  early  middle of  the first  cleavage  period, 
i.e.,  until  about  13 or  14 hours.  From  this  time on  a  very gradual 
slight increase in the rate takes place.  This is shown in Fig. 1.  After 
the appearance of the first cleavage there is no cessation of cleavages 
in  a  population.  The  second  cleavage  of the  earlier  dividers  takes 
place before the first cleavages of the late dividers, so that there is an 
out-of-phase  overlapping  of  cell  divisions.  For  many  hours  after 
fertilization  the eggs are to all external appearances in a resting con- 
dition.  The  mitotic  phenomena  proceed very slowly after  the  pro- 
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FIG. 1.  Fucus vesiculosus  in  the dark. 
nuclei have come together  (Farmer and Williams (7)).  The fact that 
some spores cleave 4 hours sooner than others indicates rather strongly 
that certain precleavage processes are by no means in a  state of tem- 
porary  suspension,  as 4  hours would represent  an  astonishing  differ- 
ence in rate in different individuals unless it is the accumulated differ- 
ence  in  progress  of  the  full  15  hours  of  activity.  The  gradual 
increase starting at about the time of cleavage and  continuing  there- 
after  is  exceedingly  slight  and  probably  represents  developments 
which may be classified as growth,  which is very slow in  the  Fucus 
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DISCUSSION 
The rate of oxygen consumption by the Fucus egg, when it is un- 
fertilized and in a  resting condition, is high compared with that of 
eggs of marine invertebrates.  Thus it is of the order of ten times the 
rate in the unfertilized egg of the sea urchin Arbacia, per unit volume, 
and more than one and a half times the rate in the egg of the clam 
Cumingia.  The eggs of Arbacia and Cumingia are of about the same 
size as the Fucus egg, and represent respectively the lowest and high- 
est respiratory rates of several  unfertilized  eggs of marine  inverte- 
brates including Arbada,  Nerds, Chaetopterus and Cumingia (2). 
In the Fucus egg the time-lapse from fertilization to the first cell 
division is so long, and the mitotic preparations for cleavage are so 
slow, that a measurement of the change in rate of oxygen consumption 
immediately following  fertilization  is  perhaps  especially  free  from 
effects of the precleavage processes which proceed at so much more 
rapid a rate following fertilization in most animal eggs.  The change 
in rate may pertain more strictly or more exclusively to the acfi~cation 
of the eggs as such, or to the physiological changes which are brought 
about  by this  activation.  It  should  not  be  implied however that 
cleavage and the changes in the cell which precede it are  distinctly 
divorced from the chemical changes involved in  activation. 
The Fucus egg increases its rate of consumption of oxygen abruptly 
at fertilization.  The exact length of the period of transition  in rate 
is not determined, but it is in all probability very short.  This abrupt 
change in the rate of respiration, comparable to similar changes in a 
number of animal  eggs,  suggests  an  essential  similarity,  in  certain 
respects at least, in the nature of fertilization.  This is in a  general 
way in  keeping with Overton's  (3)  discovery that  parthenogenesis 
of the Fucus eggs may be induced by treatments which activate sea 
urchin eggs (notably with butyric acid). 
SUMMARY 
I.  The unfertilized eggs of Fucus vesiculosus, in the dark, consume 
about 5.2 ram.  3 O~ per hour per I0 ram? eggs. 
2.  With an illumination of 100,000  foot candles in  photosynthesis 
they liberate more than twice as much oxygen as they consume. 
3.  The actively swimming antherozoids or sperm of Fucus consume 182  RATE  OF  OXYGEN  CONSUMPTION  BY  EGGS.  I 
oxygen at a  very high rate:  25.5 ram? 02 per hour per  10 ram.  ~ an- 
therozoids. 
4.  Immediately following fertilization,  in the dark,  the  Fucus eggs 
increase  the  rate  of  oxygen  consumption  to  about  190  per  cent  of 
the prefertilization  rate. 
5.  This  rate  for fertilized  eggs,  about  190 per cent,  is maintained 
uniformly for 13 or 14 hours, after which there is a barely  perceptible 
rise  until  24  hours  (when  measurements  ceased).  At  18°C.  50 per 
cent of the spores in a  population have completed the first  cell divi- 
sion about 15 hours after fertilization. 
I am much indebted to Professor W. J. Crozier, in whose Laboratory 
this work was carried out, for valuable advice and criticism.  I am also 
indebted to Dr. Robert Emerson for advice regarding certain phases of 
the Warburg technique. 
BIBLIOGRAPHY 
1.  Warburg,  O.,  1908,  Beobachtungen tiber die Oxydationsprozesse im Seeigelei. 
Z. physiol. Chem., 57, 1. 
2.  Whitaker,  D. M.,  1932,  On  the rate of oxygen consumption by fertilized and 
unfertilized eggs.  IV  (To be published soon). 
3.  Overton, J. B., 1913, Artificial parthenogenesis in Fucus.  Science,  37, 841. 
4.  Whitaker, D. M., 1931, Some observations on the eggs of Fucus and upon their 
mutual  influence  in  the  determination  of  the  developmental  axis.  Biol. 
Bull., 61, in press. 
5.  Warburg, O., 1924, Verbesserte Methode zur Messung der Atmung und  Glyko- 
lyse.  Biochem.  Z., 152, 51. 
6.  Cohn, E. J.,  1918,  Studies  in  the physiology of spermatozoa, Biol.  Bull., 34, 
167. 
7.  Farmer, J. B., and Williams, J. L., 1898, Contributions to our knowledge of the 
Fucaceae: their life history and  cytology.  Phil.  Trans.  Roy.  Soc.  Lond. 
Series B, 190, 623. 
8.  Loeb, J., and Wasteneys, H., 1912,  Die Oxydationsvorg~inge im befruchteten 
und unbefruchteten  Seesternei.  Arch.  Entwcklngsmechn.  Organ., 35,  555. 